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Key Point Summary:  
* At birth, hypoglossal (XII) motor neurons (MNs) are responsible for 
coordinated behaviours such as breathing and sucking. 
* These behaviours are modulated by the diverse array of excitatory and 
inhibitory synaptic inputs XII MNs receive. 
* Genetic perturbation of GABAergic and/or glycinergic neurotransmission 
results in abnormally high level of excitatory synaptic inputs onto XII MNs, 
with concomitant increased complexity of dendritic arbor and spine density.  
* GABA and Glycine neurotransmitters are key regulators of XII MN 
development.  
 
Abstract: 
There is an emerging body of evidence that glycinergic and GABAergic 
synaptic inputs onto motor neurons (MNs) help regulate the final number of 
MNs and axonal muscle innervation patterns. Using mutant glutamate 
decarboxylase 67 (GAD67) and vesicular inhibitory amino acid transporter 
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(VGAT) deficient mice, we describe the effect that deficiencies of 
presynaptic GABAergic and/or glycinergic release have on the post-synaptic 
somato-dendritic structure of motor neurons, and the development of 
excitatory and inhibitory synaptic inputs to MNs. We use whole-cell patch 
clamp recording of synaptic currents in E18.5 hypoglossal MNs from 
brainstem slices, combined with dye-filling of these recorded cells with 
Neurobiotin™ and high-resolution confocal imaging and 3-dimensional 
reconstructions. Hypoglossal MNs from GAD67- and VGAT- deficient mice 
display decreased inhibitory neurotransmission and increased excitatory 
synaptic inputs.  These changes are associated with increased dendritic arbor 
length, increased complexity of dendritic branching, and increased density of 
spiny processes. Our results show that presynaptic release of inhibitory 
amino acid neurotransmitters is a potent regulator of hypoglossal MN 
morphology and a key regulator of synaptic inputs during this critical 
developmental time point.  
Abbreviations list: E, embryonic day; EPSC, excitatory postsynaptic 
current; GAD67, glutamate decarboxylase 67; IPSC, inhibitory postsynaptic 
current; MN, motor neuron; VGAT, vesicular inhibitory amino acid 
transporter; WT, wild-type;  
 
Introduction: 
During development, the mammalian neuromotor system undergoes a period 
of programmed motor neuron (MN) cell death. Over 50% of all motor 
neurons generated during neurogenesis are lost in the final trimester in utero 
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(Lance-Jones, 1982; Oppenheim, 1991). The final number of surviving MNs 
is regulated in an activity-dependent manner, as reduced skeletal muscle 
activity causes increased MN survival and neuromuscular innervation 
(Landmesser, 1992; Banks et al., 2003), whereas increased skeletal muscle 
activity causes decreased MN survival and neuromuscular innervation 
(Oppenheim and Nunez, 1982). These alterations in muscle activity depend 
on nervous system activity, that is regulation of MN firing by other central 
neurons (neuronal activity), which is then passed onto muscle via 
neuromuscular synapses (Banks and Noakes, 2002).   
 
Glycine and GABA are important inhibitory neurotransmitters in the adult 
nervous system, and they are vital for normal postnatal neuromotor function 
and development, as GAD67 and VGAT-deficient mice die within a few 
hours after birth from respiratory complications and failure to suckle (Asada 
et al., 1997; Wojcik et al., 2006; Kakizaki et al., 2015). GAD67 is the major 
synthesizing enzyme for GABA in prenatal and neonatal mice, and 
electrophysiological studies have shown that GABAergic neurotransmission 
is reduced or nearly eliminated in brainstem respiratory neurons from 
GAD67 mutants (Fujii et al., 2007). VGAT is the transporter protein which 
transfers both GABA and glycine into presynaptic vesicles, and both 
GABAergic and glycinergic neurotransmission are absent or severely 
reduced in spinal cord neurons (Wojcik et al., 2006), brainstem respiratory 
neurons (Fujii et al., 2007), spinal MNs (Saito et al., 2010) and hypoglossal 
MNs (Rahman et al., 2015) of VGAT mutants. 
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However, during neural development, GABA and glycine neurotransmission 
are thought to provide important synaptic sources of depolarizing chloride 
ion (Cl
-
) conductances to MNs (Nishimaru et al., 1996; Singer and Berger, 
2000; Ben-Ari, 2002).  This response is due to the high intracellular Cl
-
 
concentration in fetal and neonatal neurons causing membrane depolarization 
as Cl
-
 exits to the extracellular space when Cl
-
 permeable channels gated by 
glycine and GABA are activated. Closer to birth, or during early postnatal 
life, the action of GABA and glycine shifts from depolarizing to 
hyperpolarizing or inhibitory as the intracellular Cl
-
 concentration decreases, 
resulting in movement of Cl
-
 into the intracellular compartment upon 
activation by glycine and/or GABA (Akerman and Cline, 2007), leading to a 
refinement of the MN inputs to target skeletal muscle. Morphological and 
physiological studies of mice lacking the glycine receptor-clustering 
molecule Gephyrin (Kneussel et al., 1999) support this mechanism, as loss of 
glycinergic neurotransmission leads to increased MN activity and decreased 
MN survival when compared to wild-type controls (Banks et al., 2005), 
suggesting that the effect of GABAergic and glycinergic neurotransmission 
onto hypoglossal MNs is inhibitory at birth.  
 
However, the mechanisms by which increased MN activity leads to greater 
MN loss, compared to wild-type MNs (Banks et al., 2005; Fogarty et al., 
2013b; Fogarty et al., 2015b) remains unclear. One mechanism underlying 
increased MN loss may be the effects of an imbalance between excitatory 
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and inhibitory inputs onto mutant MNs overloading embryonic MNs with 
glutamate, a known mediator of excitotoxic neuronal death (Choi, 1992, 
1995), and of dendritic growth (Kalb, 1994; Inglis et al., 2002; Metzger, 
2010; Koleske, 2013), and increased motor neuron excitability (van Zundert 
et al., 2008). By quantifying synaptic activity and morphology of individual 
MNs from mice with deficiencies in GABA and/or glycinergic 
neurotransmission, we may thus gain an understanding of how altered central 
synaptic inputs onto MNs regulate final hypoglossal MN numbers at birth, 
when the neuromotor system must be functional at birth for suckling and 
respiration.  
This study therefore aimed to quantify alterations to the dendritic arbor, 
spine density, and functional synaptic inputs of hypoglossal MNs at E18.5, 
using GAD67- and VGAT-deficient mice, compared to wild-type (WT) 
MNs. We used patch-clamp electrophysiology techniques to record synaptic 
activity, followed by dye-filling of the recorded MNs with Neurobiotin™ for 
subsequent high resolution morphometric measurements. We also confirm 
our previous qualitative observations of decreased IPSC frequency and 
increased EPSC frequency of GAD67-deficicient XI MNs and increased 
somatic spine density in VGAT XII MNs compared to WT controls 
(Kanjhan et al., 2016).  
 
Materials and Methods: 
Animals used and ethical statement: We used five GAD67-deficient mice 
(GAD67
-/-
), seven VGAT-deficient mice (VGAT
-/-
) and nine wild-type mice 
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(WT) at embryonic day 18/postnatal day 0 (termed E18.5). GAD67
-/- 
and 
VGAT
-/-
 mice and their respective WT littermates were generated and 
genotyped in accordance with previous studies (Tamamaki et al., 2003; Saito 
et al., 2010). All mice including WT littermates were derived from 
heterozygote GAD67
+/-
 or heterozygote VGAT
+/-
 breeding scheme on a 
C57Bl/6J genetic background.  This embryonic age was chosen as it is when 
both mutants display decreased MN numbers compared to controls (Fogarty 
et al., 2013b; Fogarty et al., 2015b). By contrast neither mutant shows 
significant differences in MN number compared to controls (Fogarty et al., 
2013b; Fogarty et al., 2015b). In these age groups, immediately before and 
after birth, the morphological properties of hypoglossal MNs do not change 
in WT mice (Kanjhan et al., 2015). All procedures were approved by the 
University of Queensland Animal Ethics Committee (Permit Numbers: 227-
09, 924-08) and complied with ethical guidelines for animal experimentation 
(Drummond, 2009). Our experiments were conducted in accordance with the 
Queensland Government Animal Research Act 2001 and Protection 
Regulations (2002 and 2008) and the Australian Code of Practice for the 
Care and Use of Animals for Scientific Purposes, 8
th
 Edition (National 
Health and Medical Research Council, 2013). 
 
Slice preparation and electrophysiological recording: Mice were sacrificed 
immediately after birth (P0) or harvested as E18 embryos from time-mated 
pregnant females. Pregnant females were killed by cervical dislocation and 
embryos were removed by cesarean section. Pups/embryos were anesthetized 
by hypothermia in an ice-cold dissection tray. Dissection and brain slicing 
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was carried out as previously detailed (Fogarty et al., 2013a; Kanjhan and 
Bellingham, 2013; Kanjhan et al., 2015). 
 
Patch electrodes were pulled from borosilicate glass capillaries (Vitrex 
Modulohm, Edwards Medical, Narellan NSW) to give a tip resistance of 3-4 
M when filled with intracellular solution containing (in mM): 135 
Cs
+
MeSO4, 6 KCl, 1 EGTA, 2 MgCl2, 5 Na-HEPES, 3 ATP-Mg
2+
, 0.3 GTP-
Tris (pH 7.25, osmolarity 305 ± 5 mOsm) (Bellingham and Berger, 1996). 
The pipette was then back-filled with 1-2 μl of intracellular solution 
containing 2% Neurobiotin
TM
 (NB, Vector Labs). Recording procedures and 
single cell dye-electroporation parameters were unchanged from previous 
studies (Fogarty et al., 2013a; Kanjhan and Bellingham, 2013; Kanjhan et al., 
2015; Fogarty et al., 2016). After the membrane seal was ruptured by voltage 
pulses or suction, spontaneous IPSCs were recorded at a holding membrane 
potential of 0 mV and spontaneous EPSCs were recorded at a holding 
potential of -60 mV; we have previously shown that these recording 
conditions produced a reversal potential for IPSCs which was equivalent to a 
negative calculated Cl
-
 reversal potential, and a reversal potential for EPSCs 
which was equivalent to a positive mixed cation reversal potential (Fogarty 
et al., 2013a; Kanjhan and Bellingham, 2013) and only cells with a series 
resistance of below 25 m and a capacitance of <40 pF were included in the 
electrophysiology data set (van Zundert et al., 2008).  Spontaneous synaptic 
events were detected over 75 seconds of continuous recording, chosen 
randomly from 2-minute epochs, using Axograph X (Axograph Scientific). 
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Peak-to-peak noise ranged from 2-10 pA, and only events with peak 
amplitude > peak-to-peak noise were analyzed. 
 
Immunocytochemistry, imaging and morphologic quantification: After 
filling, slices were left in the recording chamber for 6-12 minutes to allow 
NB diffusion (Fogarty et al., 2013a; Kanjhan and Bellingham, 2013), then 
removed and fixed in 4% paraformaldehyde in 0.1 M phosphate buffered 
saline pH 7.4 (PBS) for 30 minutes, washed in PBS and incubated for 4 
hours in PBS containing 4% bovine serum albumin (BSA) and 0.05% Triton-
X 100 at 4°C. Slices were then incubated for 4 hours at 4°C in Cy3-
Streptavidin (Sigma; 1:500 in 4%BSA PBS) to visualize NB, as detailed 
previously (Kanjhan and Vaney 2008; Kanjhan and Bellingham 2013; 
Fogarty et al., 2013a). Slices were washed in PBS and mounted on slides. 
 
Low-powered (20x objective) z-series 0.8 NA (with a 1.0 µm z-step) from a Zeiss 
LSM 510 META scanning confocal microscope (Carl Zeiss, Gottingen, Germany) 
using 555 nm laser excitation/detection filters were used to create confocal stacks of 
the MN and its entire dendritic arbor. Morphological properties of NB-filled 
hypoglossal MNs were analyzed from these confocal images using Neurolucida™ 
(MBF Bioscience Inc) as previously detailed (Fogarty et al., 2015a). For quantifying 
spine density, a high-powered (63x oil) objective (1.4 NA) was used with a 2.5x zoom 
to collect z-series with a 0.33 µm z-step. Dendritic processes were classified as spines 
only if they were <3 µm long and <0.8 µm in cross-sectional diameter
 
(Harris, 1999; 
Fogarty et al., 2015a). A total dendrite length of 115004 µm was traced for 
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morphometric analysis in 41 neurons (15 WT, 11 GAD67
-/- 
and 15 VGAT
-/-
 mice). 
The gross morphology of the hypoglossal nucleus was measured using the Cavalieri 
technique in a manner identical to previous studies (Fogarty et al., 2013b; Fogarty et 
al., 2015b; Fogarty et al., 2016). 
Statistical analysis: Data were analysed with Prism 6 (Graphpad) and expressed as 
mean ± standard error of the mean (s.e.m.). Statistically significant changes were 
determined using a one-way ANOVA, with Tukey’s post-test, or a two-way ANOVA 
with a Bonferroni post-test, where *P<0.05, **P<0.01, ***P<0.001 and 
****P<0.0001 were considered statistically significant. All percentage changes were 
calculated as a percentage of the WT control mean value. 
 
Results: 
Decreased frequency of spontaneous inhibitory neurotransmission is 
coupled with increased frequency of spontaneous excitatory 
neurotransmission in GAD67- and VGAT-deficient hypoglossal MNs 
To investigate the functional changes in inhibitory and excitatory synaptic 
inputs, we recorded spontaneous inhibitory post-synaptic currents (IPSCs) at 
0 mV and spontaneous excitatory post-synaptic currents (EPSCs) at -60 mV 
(Kanjhan and Bellingham 2013; Fogarty et al., 2013a). As anticipated, in 
hypoglossal MNs from GAD67- and VGAT-deficient mice, which lack 
GABAergic and GABA/glycinergic neurotransmission respectively, IPSC 
frequency was significantly decreased, compared to WT MNs (compare 
upward current deflections in Fig. 1 A, to 1B and 1C). Hypoglossal MNs 
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from GAD67-deficient mice showed a 56% decrease, while hypoglossal 
MNs from VGAT-deficient mice displayed a 96% decrease in IPSC 
frequency, compared to WT MNs (Fig. 1 G, Table 1). Of note, 6 out of 9 
hypoglossal MNs from VGAT-deficient mice showed no IPSC activity, 
while all MNS from GAD67 deficient mice showed some IPSC activity.  
 
While decreased IPSC frequency was seen with either a loss of GABAergic 
or a loss of GABAergic/glycinergic neurotransmission, only the combined 
loss of GABA and glycine caused a decrease in IPSC amplitude. 
Specifically, IPSC amplitude decreased by 74% in hypoglossal MNs from 
VGAT-deficient mice, compared to hypoglossal MNs from WT mice (Fig. 1 
A and C, Table 1); IPSC amplitude and shape parameters were only 
measurable for the 3 MNs from VGAT-deficient mice.  By contrast, IPSC 
amplitude increased by 79% in hypoglossal MNs from GAD67-deficient 
mice (Fig. 1A and B, Table 1). Other IPSC shape parameters (10-90% rise-
time and half-width) were unchanged between all genotypes studied (Table 
1).  
 
Excitatory (glutamatergic) synaptic inputs were measured as spontaneous 
inward currents at a holding voltage of -60mV (Fig. 1 D, E and F). The mean 
frequency of spontaneous EPSCs was increased by 66% in hypoglossal MNs 
from GAD 67-deficient mice, and was increased by 92% in hypoglossal 
MNs from VGAT-deficient mice, compared to hypoglossal MNs from WT 
mice (Fig. 1 H, Table 1).  EPSC amplitude increased by 69% and 51% in 
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hypoglossal MNs from GAD67- and VGAT-deficient mice respectively, 
compared to EPSC amplitudes from WT mice (Table 1).  Other EPSC shape 
parameters (10-90% rise-time and half-width) were unchanged between all 
genotypes studied (Table 1). 
 
Taken together, our patch clamp data suggests that hypoglossal MNs from 
GAD67- and VGAT-deficient mice received decreased GABA/glycine 
neurotransmission with a concomitant increase in glutamatergic 
neurotransmission. This finding suggested that glutamatergic synaptic inputs 
to hypoglossal MNs in GAD67- and VGAT-deficient mice may be increased 
to compensate for decreased GABA/glycinergic neurotransmission during a 
developmental period when the latter is an important depolarizing drive to 
MNs. As excitatory glutamatergic signalling is known to be a key regulator 
of dendritic length and spines during development (Kalb, 1994; Metzger, 
2010), increases in glutamatergic synaptic neurotransmission could then 
drive hypoglossal MN dendrite growth and spinogenesis.  We therefore 
measured dendritic structure and spine density of hypoglossal MNs from 
GAD67- and VGAT-deficient mice and WT mice, by analysis of 3-
dimensional tracings generated from confocal z-stacks of Neurobiotin-filled 
cells.  
 
Dendritic arbor length and complexity increases in hypoglossal MNs 
from GAD67- and VGAT-deficient mice 
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The dendritic structure of MNs serve to integrate the diverse array of 
synaptic inputs a motor neuron receives, thus determining the patterns of 
output that govern motor behaviours (i.e. coordinated levels of muscle 
activity (Vetter et al., 2001)). Coordinated activity of hypoglossal MNs is 
vital for effective suckling and breathing behaviours needed for survival after 
birth. GAD67- and VGAT-deficient mice show respiratory and suckling 
defects, suggesting abnormal integrated activity of hypoglossal MNs. In 
accord with this, we observed increased dendritic arbors of hypoglossal MNs 
from GAD67- and VGAT-deficient mice, compared to WT mice, as 
illustrated in figure 2 (compare panels A with B and C). For GAD67-
deficient mice, the total dendritic length of hypoglossal MNs was increased 
by 44%, while hypoglossal MNs from VGAT-deficient mice increased by 
63%, compared to WT mice (Fig. 2D, Table 2). To account for the variable 
number of dendritic trees present on each MN, we also quantified mean 
dendritic length per tree, to give a more accurate estimate of how individual 
dendritic arbors are responding to changes in their synaptic inputs, without 
any bias derived from the number of individual dendritic trees each neuron 
may contain. Mean dendritic tree length was increased by 67% for MNs 
from GAD67-deficient mice and by 107% for hypoglossal MNs from 
VGAT-deficient mice, compared to WT mice (Fig. 2E, Table 2). 
 
To examine if increased dendritic length is due to lengthening of dendrites 
already present in the arbor or due to increased branch complexity, we 
determined the highest centrifugal branch order for each dendritic tree, as a 
measure of dendritic tree complexity. Using this method, the first branch 
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order are primary dendrites coming off the soma, second order branches 
occur when a first order branch bifurcates into two, third order branches 
when a second order branch divides and so on. The maximum branch order 
was increased by 48% and 49% for hypoglossal MNs from GAD67- and 
VGAT-deficient mice respectively, compared to hypoglossal MNs from WT 
mice (WT: 5.73 ± 0.45, n=15; GAD67: 8.46 ± 0.65, n=11; VGAT: 8.53 ± 
0.82, n=15; WT vs GAD67, *P=0.0225; WT vs VGAT, **P=0.0097; 
GAD67 vs VGAT, P=0.99; Fig. 2 F). 
 
Following the characterization of these morphologic changes in MNs from 
GAD67- and VGAT-deficient mice compared to MNs from WT mice, we 
further analyzed the characteristics of dendritic arbors for each branch order, 
by quantifying the total dendritic length per branch order, the mean number 
of branches per branch order and the mean dendrite length per branch order. 
The total dendritic length per branch order was significantly increased for 
hypoglossal MNs from GAD67- and VGAT-deficient mice compared to 
hypoglossal MNs from WT mice for branch orders 4 to 6 (Fig. 3 A and Table 
2). Below the 4
th
 branch order and above the 6
th
 branch order, this variable 
was not significantly different across genotypes (Fig. 3 A, see Table 2).  
Similarly, the mean number of dendrites per branch order for hypoglossal 
MNs from GAD67- and VGAT-deficient mice increased by comparison to 
MNs from WT mice for branch orders 4 to 7, but not below 4
th
 branch order 
or above 7
th
 branch order (Fig. 3B, see Table 2). Finally mean dendritic 
length per branch order (Fig. 3C) was unchanged for 1
st
, 2
nd
, 3
rd
, 4
th
, 5
th
, 8
th
 
and 9
th
 order branches across all genotypes (Fig. 3C, Table 2). For 6
th
 and 7
th
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order branches, mean dendritic length was increased for hypoglossal MNs 
from GAD67-deficient mice, but not VGAT-deficient mice, compared to 
WT mice (Fig. 3C, see Table 2). 
 
In addition to increased dendritic length and complexity, we found other 
morphological differences in the patterns of dendritic projection of 
hypoglossal MNs from GAD67- and VGAT-deficient mice compared to 
hypoglossal MNs from WT mice. An increased proportion of MNs had one 
or more dendrites that extended beyond the boundary of the hypoglossal 
motor nucleus (white arrow heads in Fig. 2 B and C). The proportion of 
hypoglossal MNs with extra-nuclear dendritic projections increased by 239% 
in GAD67-deficient mice and by 233% in VGAT-deficient mice, compared 
to WT mice (WT: 0.21 ± 0.11, n=15; GAD67
-/-
: 0.73 ± 0.14, n=11; VGAT
-/-
: 
0.71 ± 0.11, n=13; WT vs GAD67-/-, *P=0.02; WT vs VGAT
-/-
, *P=0.016; 
GAD67
-/-
 vs VGAT
-/-
, P=0.99). To ensure none of these measurements were 
biased by gross alterations (specifically, a reduction) in the total volume of 
the hypoglossal nucleus, we estimated the hypoglossal nucleus volume using 
the Cavalieri method. The volume of the hypoglossal nucleus remained 
unchanged in GAD67-deficient mice and VGAT-deficient mice, compared to 
WT mice (WT: 1.14 ± 0.07 mm
3
, n=9; GAD67
-/-
: 1.23 ± 0.11 mm
3
, n=5; 
VGAT
-/-
: 1.04 ± 0.06 mm
3
, n=7; WT vs GAD67-/-, P=0.72; WT vs VGAT
-/-
, 
P=0.60; GAD67
-/-
 vs VGAT
-/-
, P=0.28). These results confirm previous 
reports in E18.5 GAD67
-/-
 and VGAT
-/-
 mice showing no change in 
hypoglossal nucleus volume, despite significant neuronal loss in these mice 
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(17% and 20% decrease in hypoglossal MN number respectively) (Fogarty et 
al., 2013b; Fogarty et al., 2015b). 
 
These morphological data indicate that the absence of effective GABAergic 
and GABAergic/glycinergic neurotransmission result in significant changes 
in hypoglossal MN dendrites, namely increases in overall dendritic 
arborisation, individual dendritic tree lengths and dendritic arbor complexity. 
Analysis of branch order morphometry showed that increased dendritic 
length is closely associated with increased dendritic branching for 
hypoglossal MNs from GAD67-deficient mice, rather than increased 
dendritic segment length, compared to hypoglossal MNs from WT mice. In 
VGAT-deficient mice, analysis of hypoglossal MN morphology showed 
evidence for a combination of increased dendritic branch number and 
dendritic segment length, contributing to an overall increase in arbor size 
compared to hypoglossal MNs of WT mice. 
 
Somatic and dendritic spine densities are increased in hypoglossal MNs 
from GAD67- and VGAT-deficient mice 
Dendritic spines are considered to be proxies for the post-synaptic domain of 
excitatory synapses in many neurons (Harris 1999; Hering 2001; Yuste and 
Bonnhoffer 2004; Koleske, 2013).  As we observed a significant increase in 
excitatory synaptic activity, we next quantified the density of dendritic spines to find 
out whether there was morphological evidence for spinogenesis at three levels of the 
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neuron, the soma, proximal dendrites (1
st
 and 2
nd
 order branches) and distal dendrites 
(3
rd
 branch order and above).  High-magnification (63x oil objective) confocal z-
stacks of Neurobiotin filled hypoglossal MNs from all genotypes were collected and 
used to measure the number of somatic spines and the density of proximal dendritic 
spines per 100 μm of dendrite length (Fig. 4 A, B and C).  
The mean number of somatic spines increased by 175% for hypoglossal MNs from 
VGAT-deficient mice, compared to hypoglossal MNs from WT mice, and by 64% 
compared to hypoglossal MNs from GAD67-deficient mice. GAD67-deficient mice 
were not statistically different from WT control (Fig. 4 E, Table 3). This change was 
not due to differences in soma size between the three genotypes, as there was no 
difference in soma volume between any genotype studied (WT: 4026 ± 325 μm3, 
n=15; GAD67
-/-
: 3913 ± 540 μm3, n=11; VGAT-/-: 3702 ± 429 μm3, n=15; WT vs 
GAD67
-/-
, P>0.9818; WT vs VGAT
-/-
, P<0.8373; GAD67
-/-
 vs VGAT
-/-
, P>0.9381; 
Fig. 4 D).  The mean proximal dendritic spine density per 100 μm was increased by 
116% for hypoglossal MNs from GAD67-deficient mice and by 229% for 
hypoglossal MNs from VGAT-deficient mice, compared to hypoglossal MNs from 
WT mice. In addition, the proximal spine density was increased by 53% for 
hypoglossal MNs from VGAT-deficient mice when compared to hypoglossal MNs 
from GAD67-deficient mice (Fig. 4 F, Table 3).  
 
Spine density of distal dendrites was analyzed in an identical manner (Fig. 5 
A, B and C). The mean distal dendrite spine density per 100 μm was 
increased by 171% for hypoglossal MNs from GAD67-deficient mice and by 
234% for hypoglossal MNs from VGAT-deficient mice, compared to 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
hypoglossal MNs from WT mice (Fig. 5 D, Table 3). This data is consistent 
with increased spinogenesis and excitatory synaptic transmission in 
hypoglossal MNs of mice lacking GABAergic and/or 
GABAergic/glycinergic neurotransmission. 
 
Discussion: 
Our findings indicate that the presynaptic release of GABA and glycine must 
play a significant role in regulating functional and morphological changes in 
MNs during development. GAD67- and VGAT-deficient mice, which lack 
GABAergic or glycinergicand GABAergic neurotransmission, exhibited 
increased dendritic length, dendritic complexity, increased somatic and 
dendritic spiny processes, and increased glutamatergic excitatory synaptic 
neurotransmission. This is consistent with our observations of synaptic 
activity and morphological changes in mice deficient in the postsynaptic 
scaffolding protein gephryin, which are deficient in glycinergic synaptic 
transmission (Fogarty et al., 2016) and our recently reported qualitative 
observations in GAD67 and VGAT mutants (Kanjhan et al., 2016). Our 
results propel the idea that loss of GABA or glycine neurotransmission 
induces a compensatory increase in glutamatergic synaptic activity, which in 
turn drives morphological changes in hypoglossal MNs. 
 
In the foetal brain, GAD67 is the predominant synthetic enzyme for GABA, 
as this GAD isoform synthesizes approximately 90% of GABA in the foetal 
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brain (Asada et al., 1997).  The second enzyme responsible for synthesising 
GABA, GAD65 is expressed at very low levels during embryonic 
development (Asada et al., 1997) and, distinct from GAD67 mutant mice, 
display no overt deformities (Asada et al., 1996; Kash et al., 1997; 
Yamamoto et al., 2004; Kakizaki et al., 2015) and exhibit normal 
spontaneous IPSCs (Tian et al., 1999). By contrast, VGAT is a synaptic 
vesicle transporter for both glycine and GABA (Wojcik et al., 2006; Fujii et 
al., 2007; Saito et al., 2010).  Both mutations thus result in a marked 
reduction or absence of presynaptic GABA and/or glycine release, consistent 
with the decreased IPSC frequency seen here and in previous studies of 
synaptic transmission in these mutant mice (Wojcik et al., 2006; Fujii et al., 
2007; Saito et al., 2010; Lau and Murthy, 2012).  However, it is interesting 
that, while loss of VGAT resulted in a marked reduction of IPSC amplitude, 
the selective loss of GABA in GAD67-deficient mice was associated with an 
increase in IPSC amplitude, even though IPSC frequency was reduced.  This 
suggests that glycinergic neurotransmission may partially compensate for the 
loss of GABA transmission, at least at some synapses (Fig. 1 G).  As co-
release of GABA and glycine occurs at a subset of synapses onto 
hypoglossal MNs (O'Brien and Berger, 1999), and GABA can competitively 
decrease glycine uptake into synaptic vesicles (Christensen et al., 1990) it is 
possible that the lack of presynaptic GABA allows a higher concentration of 
glycine to be loaded into synaptic vesicles at these synapses, resulting in a 
larger postsynaptic response on release. When interpreting our results, we are 
limited by the unknown origin of the remaining IPSCs in the GAD67 and 
VGAT mutant mice. It is feasible that in the GAD67-deficient mice the 
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IPSCs are from preserved glycinergic sources, with potentially some residual 
functional GABAergic neurotransmission occurring via GAD65-derived 
GABA (Asada et al., 1997; Kuwana et al., 2003; Fujii et al., 2007), though 
previous studies suggest that alteration in the level and density of GAD65 in 
this mutation is likely to be negligible (Lau and Murthy, 2012). In the case of 
VGAT, the low level of IPSCs, present in only 3 out of 9 MNs, may be due 
to residual functional neurotransmission, as past studies report that not all 
GABAergic or glycinergic neurotransmission was abolished (Wojcik et al., 
2006; Saito et al., 2010). Alternatively, extra and peri-synaptic GABAA 
receptors may be activated by low levels of ambient GABA (Saxena and 
Macdonald, 1994; Farrant and Nusser, 2005) found in the extracellular space 
(Tossman et al., 1986; Ding et al., 1998), although these currents would 
likely display altered kinematics compared to WT control and GAD67-
deficient mice (Banks and Pearce, 2000). 
 
Previous studies of GAD67- and VGAT-deficient mutants have focussed on 
effects on GABA/glycine neurotransmission (Wojcik et al., 2006; Fujii et al., 
2007; Saito et al., 2010; Lau and Murthy, 2012). Of particular interest is the 
study of GAD67 deficient cultured hippocampal and acute visual cortex 
brain slices, where lower IPSC frequency and amplitude was observed (Lau 
and Murthy, 2012). Our results show similar decline in IPSC frequency; 
however, we show increased IPSC amplitude in the GAD67-deficient mice 
compared to controls. Unlike the hippocampus and cortex, the hypoglossal 
nucleus has extensive glycinergic inputs (Lynch, 2004; Graham et al., 2006; 
Tadros et al., 2014). In hypoglossal MNs where glycinergic synaptic activity 
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is effectively absent; the gephyrin mutant (Feng et al., 1998; Banks et al., 
2005), IPSC amplitudes from remaining GABAergic neurotransmission are 
reduced compared to control (Fogarty et al., 2016), suggesting that in acute 
brainstem slice preparation, glycinergic post-synaptic currents are of greater 
amplitude than GABA. We interpret this to mean that GAD67 hypoglossal 
MNs would receive only effective glycinergic transmission as opposed to 
WT controls receiving mixed inputs of both low and high amplitudes based 
on our analysis method. Here, we have shown that functional and 
morphological changes consistent with an increase in synaptic excitation 
occur with loss of GABA, or of GABA and glycine, release.  Hypoglossal 
MNs from GAD67- and VGAT-deficient mice showed similar increases in 
EPSC frequency and amplitude, compared to hypoglossal MNs from WT 
mice.  We also found that hypoglossal MNs from these mutant mice revealed 
morphologic evidence of spine addition on soma and dendrites.  Together, 
these findings are consistent with an increase in the density of glutamatergic 
synaptic inputs, as spines are canonical components of glutamatergic 
synapses (Boone and Aldes, 1984; Spruston, 2008). 
 
In the case of GAD67 and VGAT mutant mice, their inability to perform 
effective, co-ordinated suckling and respiratory movements at birth (Kuwana 
et al., 2003; Saito et al., 2010; Rahman et al., 2015) was due to improper 
development of rhythm and pattern generating networks (altered synaptic 
inputs) and integration of network signals (altered dendritic arbors and 
spines). The investigation of the MN and motor pool action potential 
discharge properties of these MNs will be useful in understanding how 
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neuronal computation and output is perturbed based on the reported changes 
in this study.  
 
Normal development of dendritic arbors and dendritic spines requires the 
correct type, amount and pattern of neural activity (McAllister, 2000). 
Increased glutamatergic synaptogenesis in other neuronal networks and 
perturbations is thought to occur through alterations in Ca
2+
 dynamics and/or 
glutamate-dependant synaptic plasticity (Yuste et al., 2000; Yuste and 
Bonhoeffer, 2001, 2004). For example, Ca
2+
 influx mediated by AMPA and 
NMDA glutamate receptors promotes or restricts spine growth in a 
concentration-dependent manner (Segal et al., 2000; Hering and Sheng, 
2001) and during development directly regulate dendritic growth (Rajan and 
Cline, 1998; Haas et al., 2006; Ewald et al., 2008; Hamad et al., 2011), while 
over-activation of neurons can elicit increases in spine number and structure 
(Engert and Bonhoeffer, 1999). The changes in dendritic length and 
complexity, and increased spine density seen here, may be the result of 
similar glutamate receptor-dependent mechanisms in MNs (Kalb, 1994). 
Lack of appropriate environmental feedback (due to poor suckling or 
aspiration of fluid) may also be a key driver in the postnatal dendritic and 
synaptic development of XII MNs (McAllister, 2000). 
 
 When interpreting these data in perinatal hypoglossal MNs, it is vital to note 
that the Cl
-
-permeable channels activated by glycinergic and GABAergic 
neurotransmission are depolarizing, rather than hyperpolarizing, throughout 
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prenatal and into postnatal development, due to high intracellular Cl
-
 
concentration, which declines with maturation (Nishimaru et al., 1996; 
Singer and Berger, 2000; Ben-Ari, 2002; Ren and Greer, 2003; Akerman and 
Cline, 2007).  In short, both GABAergic and glycinergic neurotransmission 
may be said to be excitatory (depolarising) inputs during embryonic 
development. Our work shows that hypoglossal MNs are likely to have 
GABA and glycine activity produce post-synaptic inhibition in order to 
allow for breathing and suckling immediately after birth (Banks et al., 2005; 
Fogarty et al., 2013a; Kanjhan et al., 2015; Fogarty et al., 2016). While 
immature depolarizing responses can still produce a shunting inhibition of 
neuronal firing, it is plausible that increased (glutamatergic) 
neurotransmission occurs as a homeostatic compensation for a loss of the 
depolarizing actions of GABA and glycine in GAD67- and VGAT-deficient 
mice, similar to that of other motor systems (Gonzalez-Islas et al., 2010).  
 
Emerging evidence suggests synaptic defects and dysregulation of synaptic 
balance between excitation and inhibition are a common phenomenon in 
neurodevelopmental, psychiatric and neurodegenerative disorders 
(Henstridge et al., 2016; King et al., 2016; Lepeta et al., 2016). In the case of 
hypoglossal MNs, this is particularly relevant to motor system disorders such 
as amyotrophic lateral sclerosis (ALS) which involves bulbar clinical signs 
(Turner et al., 2013). By assessing the synaptic homeostasis of MNs in 
vulnerable brainstem and spinal cord regions as well as resilient MNs such as 
abducens, Onuf’s and occulomotor (Eisen et al., 1992) using established 
(Heckman et al., 2003; van Zundert et al., 2008; Bellingham, 2013; Leroy et 
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al., 2014; Fogarty et al., 2016; Tadros et al., 2016) and emerging techniques, 
such as cre-lox technology (Papadopoulos et al., 2008; Rahman et al., 2015) 
and viral tracing (McGovern et al., 2015a; McGovern et al., 2015b), we may 
be able to uncover novel mechanisms of neuro-protection.  
 
In summary, we present evidence showing altered excitatory 
neurotransmission and dendritic arbor and dendritic spine increases in 
response to a loss of effective presynaptic GABAergic and/or glycinergic 
signalling. These results suggest that GABA and glycine play an expanded 
role in MN development beyond regulating MN survival and neuromuscular 
nerve innervations, by also balancing glutamatergic inputs as well as the 
post-synaptic MN architecture. 
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Tables: 
 
Table 1: Post-synaptic current properties (mean ± s.e.m.) in hypoglossal MNs. 
Parameter WT (n) GAD67
-/-
 (n) VGAT
-/-
 (n) Significance? 
Spontaneous 
IPSC 
frequency 
(Hz) 
2.73 ± 0.30 
(14) 
1.21 ± 0.18 
(10) 
0.106 ± 0.06 
(9) 
WT vs GAD67
-/-
 
**P=0.0012;  
WT vs VGAT
-/-
 
***P=0.0009; GAD67
-/- 
vs 
VGAT
-/- 
P=0.30 
Spontaneous 
IPSC 
amplitude 
(pA) 
39.5 ± 3.8 
(14) 
70.5 ± 7.6 
(10) 
10.3 ± 2.8 
(3) 
WT vs GAD67
-/- 
***P=0.0009;  
WT vs VGAT
-/-
 *P=0.045;  
GAD67
-/-
 vs VGAT
-/-
 
****P<0.0001 
Spontaneous 
IPSC 10-90% 
rise-time (ms) 
1.5 ± 0.2 (14) 1.4 ± 0.2 (10) 1.2 ± 0.4 (3) WT vs GAD67
-/-
 P=0.96;  
WT vs VGAT
-/-
 P=0.92;  
GAD67
-/-
 vs VGAT
-/-
 P=0.89 
Spontaneous 
IPSC half-
width (ms) 
4.1 ± 0.4 (14) 5.3 ± 0.8 (10) 6.4 ± 1.0 (3) WT vs GAD67
-/- 
p=0.31;  
WT vs VGAT
-/- 
p=0.17;  
GAD67
-/-
 vs VGAT
-/-
 p=0.67 
Spontaneous 
EPSC 
frequency 
(Hz) 
2.07 ± 0.28 
(22) 
3.43 ± 0.24 
(11) 
3.98 ± 0.64 
(9) 
WT vs GAD67
-/-
 *P=0.026;  
WT vs VGAT
-/-
 **P=0.003;  
GAD67
-/-
 vs VGAT
-/-
 P=0.65 
Spontaneous 
EPSC 
amplitude 
(pA) 
-15.3 ± 1.6 
(22) 
-25.8 ± 2.0 
(11) 
-23.1 ± 2.2 
(9) 
WT vs GAD67
-/- 
***P=0.0009;  
WT vs VGAT
-/-
 *P=0.024;  
GAD67
-/-
 vs VGAT
-/-
 P=0.69 
Spontaneous 
EPSC 10-90% 
rise-time (ms) 
1.1 ± 0.1 (22) 1.8 ± 1.1 (11) 1.3 ± 0.5 (9) WT vs GAD67
-/-
 p=0.12;  
WT vs VGAT
-/-
 P=0.78;  
GAD67
-/-
 vs VGAT
-/-
 P=0.53 
Spontaneous 
EPSC half-
2.5 ± 0.2 (22) 2.5 ± 0.6 (11) 2.2 ± 0.2 (9) WT vs GAD67
-/-
 P=0.99=;  
WT vs VGAT
-/-
 P=0.8;  
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width (ms) GAD67
-/-
 vs VGAT
-/-
 P=0.83 
n= is the number of hypoglossal MNs for which this parameter was measured. One-
way ANOVA’s with Tukey post-tests, *P<0.05, **P<0.01, ***P<0.001 and 
****P<0.0001. 
 
Table 2: Branch order analysis (mean ± s.e.m.) of dendritic arbors in hypoglossal 
MNs. 
Branc
h 
order  
Parameter WT 
(n=15) 
GAD67
-/- 
(n=11) 
VGAT
-/-
 
(n=15) 
P: WT 
vs 
GAD67
-/-
 
P: WT 
vs 
VGAT
-
/-
 
P: 
GAD67
-/- 
vs  
VGAT
-/-
 
1 Total length 
(µm) 
No. of 
Branches 
Mean branch 
length (µm) 
262.4 ± 
52.3 
5.67 ± 0.47 
48.3 ± 9.3 
176.7 ± 27.4 
5.0 ± 0.40 
34.3 ± 4.9 
88.0 ± 21.2 
4.13 ± 0.30 
22.7 ± 6.9 
>0.99 
>0.99 
>0.99 
0.22 
0.77 
0.21 
>0.99 
>0.99 
>0.99 
2 Total length 
(µm) 
No. of 
Branches 
Mean branch 
length (µm) 
648.1 ± 
89.4 
9.07 ± 0.81 
73.7 ± 9.8 
630.4 ± 95.2 
9.73 ± 0.73 
66.3 ± 9.8 
679.3 ± 
166.9 
8.47 ± 0.60 
75.0 ± 13.7 
>0.99 
>0.99 
>0.99 
>0.99 
>0.99 
>0.99 
>0.99 
>0.99 
>0.99 
3 Total length 
(µm) 
No. of 
Branches 
Mean branch 
length (µm) 
599.9 ± 
102.0 
9.60 ± 1.37 
63.2 ± 8.6 
681.7 ± 
106.5 
13.09 ± 1.46 
56.4 ± 12.2 
677.8 ± 
113.8 
11.40 ± 
1.12 
56.1 ± 7.1 
>0.99 
0.054 
>0.99 
>0.99 
0.55 
>0.99 
>0.99 
0.75 
>0.99 
4 Total length 
(µm) 
No. of 
Branches 
Mean branch 
length (µm) 
299.1 ± 
78.6 
6.73 ± 1.70 
38.3 ± 7.2 
515.6 ± 66.2 
13.45 ± 1.24 
59.1 ± 2.8 
668.5 ± 
106.8 
11.13 ± 
1.21 
57.9 ± 5.4 
0.1205 
****  
>0.99 
***  
**  
0.40 
0.44 
0.34 
0.56 
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5 Total length 
(µm) 
No. of 
Branches 
Mean branch 
length (µm) 
160.6 ± 
44.1 
2.00 ± 0.85 
29.3 ± 7.2 
459.0 ± 
102.2 
7.45 ± 1.15 
37.1 ± 4.6 
457.8 ± 
92.0 
5.87 ± 1.29 
47.7 ± 7.0 
* 
****  
>0.99 
**  
**  
0.48 
>0.99 
0.17 
>0.99 
6 Total length 
(µm) 
No. of 
Branches 
Mean branch 
length (µm) 
79.2 ± 28.3 
4.20 ± 1.09 
21.3 ± 8.6 
209.2 ± 45.2 
11.73 ± 1.66 
26.0 ± 4.5 
348.5 ± 
79.5 
8.93 ± 1.46 
57.1 ± 12.4 
0.65 
***  
>0.99 
*  
*  
* 
0.559 
0.84 
0.086 
7 Total length 
(µm) 
No. of 
Branches 
Mean branch 
length (µm) 
18.4 ± 13.9 
0.80 ± 0.58 
3.0 ± 2.0 
186.2 ± 47.4 
5.45 ± 1.46 
34.7 ± 6.7 
223.2 ± 
55.1 
4.27 ± 1.23 
44.5 ± 10.7 
0.34 
**  
0.077 
0.104
8  
*  
** 
>0.99 
>0.99 
>0.99 
8 Total length 
(µm) 
No. of 
Branches 
Mean branch 
length (µm) 
11.9 ± 11.9 
0.53 ± 0.53 
1.5 ± 1.5 
77.1 ± 29.9 
2.73 ± 0.90 
17.0 ± 6.9 
69.9 ± 26.1 
1.73 ± 0.55 
18.0 ± 6.3 
>0.99 
0.41  
0.82 
>0.99 
>0.99  
0.62 
>0.99 
>0.99 
>0.99 
9 Total length 
(µm) 
No. of 
Branches 
Mean branch 
length (µm) 
0.5 ± 0.5 
0.13 ± 0.13 
0.3 ± 0.3 
26.0 ± 9.0 
1.45 ± 0.58 
9.7 ± 3.7 
69.0 ± 27.5 
1.60 ± 0.52 
21.7 ± 8.4 
>0.99 
>0.99 
>0.99 
>0.99 
0.84 
0.30 
>0.99 
>0.99 
>0.99 
10+ Total length 
(µm) 
No. of 
Branches 
Mean branch 
length (µm) 
0.0 ± 0.0 
0.00 ± 0.00 
0.0 ± 0.0 
41.3 ± 20.3 
2.00 ± 1.00 
13.7 ± 6.9 
107.8 ± 
60.0 
2.27 ± 1.12 
53.3 ± 29.7 
>0.99 
0.52 
>0.99 
0.80 
0.28 
*** 
>0.99 
>0.99 
* 
Two-way ANOVA’s with Bonferroni post-tests, *P<0.05, **P<0.01, ***P<0.001 and 
****P<0.0001. 
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Table 3: Somatic spines, proximal dendritic spine density and distal dendritic spine 
density (mean ± s.e.m.) in hypoglossal MNs. 
Parameter WT (n) GAD67
-/-
 (n) VGAT
-/-
 (n) Significance? 
Somatic spines 133.3 ± 13.7 
(15) 
223.6 ± 28.9 
(11) 
366.7 ± 41.5 
(15) 
WT vs GAD67
-/-
 P=0.13;  
WT vs VGAT
-/-
 
****P<0.0001; GAD67
-/- 
vs 
VGAT
-/- 
**P=0.008 
Proximal 
dendritic spine 
density (per 100 
µm) 
16.27 ± 3.3 
(15) 
35.01 ± 3.6 
(11) 
53.53 ± 5.7 
(15) 
WT vs GAD67
-/- 
*P=0.04;  
WT vs VGAT
-/-
 
****P<0.0001;  
GAD67
-/-
 vs VGAT
-/-
 
*P<0.04 
Distal dendritic 
spine density (per 
100 µm) 
12.33 ± 1.7 
(15) 
33.45 ± 4.1 
(11) 
41.13 ± 3.7 
(15) 
WT vs GAD67
-/-
 
***P=0.0002;  
WT vs VGAT
-/-
 ****P<0.9;  
GAD67
-/-
 vs VGAT
-/-
 P=0.24 
One-way ANOVA’s with Tukey post-tests, *P<0.05, **P<0.01, ***P<0.001 and 
****P<0.0001. 
 
 
Figure legends: 
Figure 1. Decreased IPSC frequency and increased EPSC frequency in hypoglossal 
MNs from G D67- deficient (GAD67
-/-
, squares) and VGAT-deficient mice (VGAT
-
/-
, triangles) compared to hypoglossal MNs from wild-type (WT, circles) mice. 
Whole-cell recordings of hypoglossal MNs voltage-clamped at 0mV show decreased 
IPSC frequency in GAD67
-/-
 (B) and VGAT
-/- 
(C) mutant mice compared to WT (A) 
controls; IPSCs are upward deflections of current traces. Whole-cell recordings of 
hypoglossal MNs at a holding voltage of -60mV show increased EPSC frequency in 
GAD67
-/-
 (E) and VGAT
-/-
 (F) mutant mice compared to WT (D) controls; EPSCs are 
downward deflections of current traces. G: shows a scatter-plot of decreased IPSC 
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frequency in GAD67
-/-
 and VGAT
-/- 
mutants. H: shows a scatter-plot of increased 
EPSC frequency in GAD67
-/-
 and VGAT
-/-
 mutants. One-way ANOVAs with a Tukey 
post-test, *P<0.05, **P<0.01 and ***P<0.001. For IPSCs; WT: n=14; GAD67
-/-
: 
n=10; VGAT
-/-
: n=3. For EPSCs; WT: n=22; GAD67
-/-
: n=11; VGAT
-/-
: n=9. 1 s = 1 
second; 20 pA = 20 pico amps. 
 
Figure 2. Increased length and complexity of hypoglossal MN dendritic arbors in 
GAD67-deficient (GAD67
-/-
, squares) and VGAT-deficient (VGAT
-/-
, triangles) mice 
compared to wild type (WT, circles) control. A - C: Dendritic arbors of NB-filled 
hypoglossal MNs from WT (A), GAD67
-/-
 mutant (B) and VGAT
-/-
 mutant (C) mice. 
The lateral border of the hypoglossal nucleus is shown in the blue dashed lines, with 
the midline shown in the white dashed line. Also shown are examples of extra-nuclear 
dendritic projections in GAD67
-/-
 and VGAT
-/-
 mice (white arrowheads in B and C) 
and midline crossings (white hashes in A and C). D: shows a scatter-plot of increased 
total hypoglossal MN dendritic arbor in GAD67
-/- 
and VGAT
-/-
 mutants, compared to 
WT mice. E: shows a scatter-plot of increased mean tree arbor length of hypoglossal 
MNs in GAD67
-/-
 and VGAT
-/-
 mutants, compared to WT mice. F: shows a scatter-
plot of increased maximum branch order number for hypoglossal MNs in GAD67
-/-
 
and VGAT
-/-
 mutants, compared to WT mice. One-way ANOVAs with a Tukey post-
test, *P <0.05, **P<0.01, ***P<0.001 and ****P<0.0001. WT: n=15; GAD67
-/-
: 
n=11; VGAT
-/-
: n=15. Scale bar: 100 µm. 
 
Figure 3. Hypoglossal MNs from GAD67-deficient (GAD67
-/-
, squares) and VGAT-
deficient (VGAT
-/-
, triangles) mice show increased total dendritic length (A) and 
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branch numbers per branch order (B) compared to hypoglossal MNs from wild type 
(WT, circles) control. Hypoglossal MNs from VGAT
-/-
 mutants also show increased 
mean dendrite length per branch order (C) compared to hypoglossal MNs from GAD 
67
-/-
 mutants and WT controls. Note for all three variables, the curves in A, B and C 
are both significantly different for genotype (***P=0.002) and branch order 
(****P<0.0001).  A: Shows total dendritic segment length (y-axis) plotted against 
branch order (x-axis). Hypoglossal MNs from GAD67
-/- 
mutant showed dendritic 
lengths were significantly greater than WT controls at 5
th
 order branches.  
Hypoglossal MNs from VGAT
-/-
 mutants showed dendritic lengths were significantly 
greater than WT controls at 4
th
, 5
th
 and 6
th
 order branches. B: Shows total number of 
branches (y-axis) plotted against branch order (x-axis). Hypoglossal MNs from 
GAD67
-/-
 mutants showed branch numbers were significantly greater than WT 
controls at 4
th
, 5
th
, 6
th
 and 7
th
 order branches. Hypoglossal MNs from VGAT
-/-
 
mutants showed branch numbers were significantly greater than WT controls at 4
th
, 
5
th
, 6
th
 and 7
th
 order branches. C: Shows mean dendritic branch length (y-axis) plotted 
against branch order (x-axis). Hypoglossal MNs from VGAT
-/-
 mutants showed mean 
branch lengths per branch order was significantly greater than WT controls at 6
th
, 7
th
 
and 10
th
 and greater order branches. Hypoglossal MNs from VGAT
-/-
 mutants 
revealed mean branch lengths per branch order was significantly greater than 
hypoglossal MNs from GAD67
-/-
 mutants at 10
th
 and greater order branches. Two-
way ANOVAs with Bonferroni post-tests, *P<0.05, **P<0.01, ***P<0.001 and 
****P<0.0001. WT: n=15; GAD67
-/-
: n=11; VGAT
-/-
: n=15. 
 
Figure 4. Increased somatic spines and proximal dendritic spines of hypoglossal MNs 
and their dendritic arbors in GAD67-deficient (GAD67
-/-
, squares) and VGAT-
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deficient mice (VGAT
-/-
, triangles) compared hypoglossal MNs from wild-type (WT, 
circles) mice. A - C: Somas and proximal dendrites of NB-filled hypoglossal MNs 
from WT (A), GAD67
-/-
 mutant (B) and VGAT
-/-
 mutant (C) mice. D: shows a 
scatter-plot of unchanged somatic volumes across all genotypes studied. E: shows a 
scatter-plot of increased total somatic spines in hypoglossal MNs from VGAT
-/-
 
mutants compared to hypoglossal MNs from both GAD67
-/-
 mutants and WT mice. F: 
shows a scatter-plot of increased proximal dendritic spine density in hypoglossal MNs 
from GAD67
-/-
 mutants compared hypoglossal MNs from WT mice, and hypoglossal 
MNs from VGAT
-/-
 mutants compared to hypoglossal MNs from WT and GAD67
-/-
 
mutants. One-way ANOVAs with Tukey post-tests, *P<0.05, **P<0.01, ***P<0.001 
and ****P<0.0001. WT: n=15; GAD67
-/-
: n=11; VGAT
-/-
: n=15. Scale bar: 10 µm. 
 
Figure 5. Increased distal dendritic spines of hypoglossal MNs in GAD67-deficient 
(GAD67
-/-
, squares) and VGAT-deficient (VGAT
-/-
, triangles) mice compared to 
hypoglossal MNs from wild-type (WT, circles). A - C: Distal dendrites of NB-filled 
hypoglossal MNs from WT (A), GAD67
-/-
 mutant (B) and VGAT
-/-
 mutant (C) mice. 
D: shows a scatter-plot of increased distal dendritic spine density in hypoglossal MNs 
from GAD67
-/-
 and VGAT
-/-
 mutants compared to hypoglossal MNs from WT mice. 
One-way ANOVA with Tukey post-test, ***P<0.001 and ****P<0.0001. WT: n=15; 
GAD67
-/-
: n=11; VGAT
-/-
: n=15. Scale bar: 7.5 µm. 
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